Interaction between rice (Oryza sativa L.) and its bacterial blight (BB) pathogen Xanthomonas oryzae pv. oryzae (Xoo) is the model system between monocot plants and their bacterial pathogens. To understand the genome-wide interactions between Xoo and rice resulting from a broad-spectrum hypersensitive reaction (BSHR) mediated by a new rice resistance (R) gene, Xa39, comparative dynamic transcriptomic profiles in the incompatible and compatible interactions were investigated using three related rice lines and a highly virulent Xoo isolate, PXO99. Large numbers of rice and Xoo differentially expressed genes (DEGs) were identified in comparisons between the incompatible interactions and compatible ones, suggesting the gene network consisted of 27 genes in four groups of distinct functions involving leading to BSHR of rice in the sequential events from the avrXa39 ´ Xa39 interaction ® signal recognition and transduction ® protein modification ® programmed cell death. Correspondingly, several groups of Xoo genes expressed or upregulated specifically in the incompatible interaction were those for type III secretion system (T3SS) and type III secretion effectors (T3SEs). Combined evidence suggests LOC_Os11g37759, one of a two-member CC-NBS-LRR gene family on rice chromosome 11, as the most likely candidate for Xa39 in rice and two genes, XopN and XopX involved in T3SS of Xoo, as the most likely candidate genes for the corresponding avrXa39 in Xoo. Our transcriptome data and identified rice and Xoo DEGs provided a valuable source of information for future investigations on the Xoo-rice interactions.
Rice and Xoo interaction is considered as a model system for interactions between monocotyledon plants and their bacterial pathogens. The relationships between the host R genes in rice and the avirulence genes in Xoo have been demonstrated to follow the gene-for-gene theory (Flor 1942 , Zhang 2005 . To date, 39 BB R genes have been registered, and eight of these R genes have been cloned (http://www.ricedata.cn; Tian et al., 2014; Wang et al., 2014) . The cloned BB R genes in rice include several types. The first type of R gene is receptor kinases, including Xa21 and Xa26 (or Xa3) (Song et al., 1995; Sun et al., 2004) , which are involved in the pathogen-associated molecular pattern (PAMP) triggered immunity (PTI) response (Liu et al., 2014) . However, the interacting molecules in Xoo recognized by Xa21 and Xa26 have not yet been characterized. Xa1 represents the second major class of R genes with the nucleotide binding site and a leucine-rich repeat group (Yoshimura et al., 1998) . Its interacting avirulence gene for the elicitor signal in Xoo has also not been identified. In addition, Xa27 represents an unusual class of R genes in rice (Gu et al., 2004) and is expressed only after inoculation with Xoo isolates harboring specific transcription activator-like (TAL) effectors (Gu et al., 2005) . During BB infection, TAL effectors are injected into plant cells through the T3SS and transcriptionally activate the corresponding host genes by recognizing and binding specific DNA sequences within the promoter regions of host target genes (Boch and Bonas, 2010; Bogdanove et al., 2010; Römer et al., 2010) . Recently, it has been reported that Xa10 and Xa23, like Xa27, trigger effector-triggered immunity (ETI) to Xoo through the recognition with TAL effector AvrXa10 and TalC9b/ AvrXa23, respectively (Tian et al., 2014; Wang et al., 2014) .
Although cloning and characterization of a few rice R genes and their corresponding avirulence genes in Xoo have considerably enhanced our knowledge on the relationship between rice and Xoo (Liu et al., 2014; Gu et al., 2009; Tian et al., 2014; Wang et al., 2014) , genome-wide interactions between rice genes of its defensive system and Xoo genes remain largely unknown. In previous studies, we developed many introgression lines (ILs) using an elite indica variety from South China, Huanghua-zhan (HHZ) as the recipient, and two indica varieties from Philippines as donors. Several ILs exhibited a typical hypersensitive response (HR) to many Xoo isolates from Philippines and China, even though the parents were all highly susceptible to many of the Xoo isolates (Xu, 2011) . Our follow-up genetic analysis revealed that this BSHR is controlled by a single dominant gene, Xa39, on rice chromosome 11 .
In this study, we investigated the interacting transcriptomes between rice (a BSHR IL, H471 and its parents) and a highly virulent Xoo isolate using RNA sequencing (RNA-seq) to understand the genome-wide interactions between the Xoo genes and host rice genes at the transcriptional level that leads to BSHR and to identify candidate genes for Xa39 in the host and its corresponding candidate genes for avrXa39 in Xoo.
Materials and Methods

Plant Materials and Artificial Inoculation of Bacterial Blight
The materials used in this study included an elite indica variety, HHZ (the recurrent parent), PSBRC28 (P28; the donor), and one of their BC 1 F 6 ILs with BSHR, H471. Seeds of H471, HHZ, and P28 were sown in a seedling nursery and 30-d-old seedlings were transplanted into the screenhouse at the Institute of Crop Sciences, Chinese Academy of Agricultural Sciences, Beijing, China. Each line was planted into a single-row plot with nine plants in a row, a spacing of 20 by 17 cm and three replications per line. At the tillering stage 35 d after transplanting, four to five of the uppermost leaves of each of five middle plants in a row plot were inoculated with 15 Xoo isolates (Supplemental Table S1 ) using the leafclipping method (Kauffman et al., 1973) . For preparation of the inoculum, the isolates were incubated on peptone sucrose agar at 30°C for 2 d, and the inoculum was prepared by suspending the bacterial mass in sterile water at a concentration of 10 8 cells mL −1
. Lesion lengths (LLs) were measured on all inoculated leaves at 2 wk after inoculation when lesions were obvious and stable. The resistance level of each line was determined based on the average LLs of its 15 inoculated plants.
To evaluate pathogen growth curves in the compatible and incompatible interactions between the tested lines, Philippine Xoo isolate 6 (PXO99) in H471, HHZ, and P28 were produced using the method described by Song et al. (1995) .
Transmission Electron Microscopy Observations of Leaves Infected by PXO99
Leaves of HHZ, P28, and H471 inoculated with PXO99 at 3 d postinoculation (dpi) were collected for transmission electron microscopy analysis. A 2-mm leaf fragment under the lesion from each tested line was fixed in 2% glutaraldehyde in 0.1 M phosphate buffer (pH 7.2) at 4°C, and postfixed in 1% OsO4. After staining with 2.5% uranyl acetate, tissues were further dehydrated in ethanol and embedded in Spurr's medium before sectioning using a ultramicrotome (Power TomeXL; RMC) (sectioned at ~40-60 nm thick). Samples were stained again and observed using a Hitachi H-7500 transmission electron microscope.
Preparation of Infected Plant and Pathogen Samples for RNA Sequencing
Three-millimeter-long leaf tips from H471, HHZ, and P28 inoculated with PXO99 were dissected at 1 and 3 dpi. Three biological replicate leaf samples were taken for each treatment at each time point. Samples of H471, HHZ, and P28 collected at 1 dpi were named as H471-1d, HHZ-1d, and P28-1d, while leaf samples collected at 3 dpi were named as H471-3d, HHZ-3d, and P28-3d. All samples were immediately frozen in liquid nitrogen after collection and stored at −80°C.
RNA Extraction, Messenger RNA Sequencing Library Construction and Sequencing
Total RNA was extracted from all leaf tip samples with TRIzol Reagent (Invitrogen) and quantified using a Qubit RNA assay kit (Applied Biosystems). RNA integrity was checked using an Agilent 2100 Bioanalyzer (Agilent Technologies). RNA samples from three independent replicates for each treatment were pooled. Ribosomal RNA (rRNA) was removed from 8 mg of total RNA using a RiboMinus Plant Kit (Invitrogen) followed by a RiboZero Gram-Negative Bacteria kit (Epicentre) according to the manufacturer's instructions.
The paired-end fragment library was constructed from each leaf sample following the TruSeq RNA sample preparation kit (Illumina) protocol with minor modifications. Briefly, RNA with rRNA removed was fragmented, and the first complementary DNA (cDNA) strand was synthesized using random hexamers and SuperScript II Reverse Transcriptase. The RNA template was then removed, and a replacement strand synthesized to generate double-stranded cDNA. After end repair and 3¢ end adenylation, the indexed adaptor was ligated with double-stranded DNA. Fragments of ~300 to 350 bp were excised and enriched by polymerase chain reaction (PCR) for 12 cycles according to the protocol. Yields and size distribution of PCR products were checked using a Qubit RNA assay kit and an Agilent 2100 Bioanalyzer, respectively. Cluster generation of the produced libraries was performed using cBot, and sequenced on a HiSeq 2000 platform (Illumina) with paired-end 100-bp reads. Primary data analysis and base calling were performed using the Illumina instrument software.
Transcriptome Data Processing and Mapping of Rice and Xanthomonas oryzae pv. oryzae Reads Low-quality nucleotides (<Q20) were trimmed from raw sequences for each sample, and then pair-end reads with either or both ends of lengths <30 bp were removed using an in-house Perl script. Then, high-quality reads were mapped to the Michigan State University Rice Genome Annotation Project (MSU RGAP; ftp.plantbiology.msu. edu/pub/data/Eukaryotic_Projects/o_sativa/annotation_ dbs/pseudomolecules/version_7.0) and to the reference Xoo isolate PXO99 genome information downloaded from the National Center for Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov/nuccore/ NC_010717.1) using Bowtie (Ouyang et al., 2007; Langmead et al., 2009) . To avoid contaminated reads from interaction partners, reads were also mapped against the reference genome of the interaction partner. For rice, all preprocessed reads were mapped to the bacterial genome to filter out contaminated bacterial reads and so were the Xoo reads to the rice genome. Next, the remaining unmapped non-Xoo and non-rice reads were used to examine the expression profiles of rice and Xoo, respectively. Determination of each Xoo or rice unigene was based on the criterion of ³5 reads mapped to the coding sequence regions of the annotated Xoo or rice gene from the NCBI or MSU RGAP databases (Ouyang et al., 2007; Langmead et al., 2009 ).
Measurements of Gene Expression Levels and Detection of Differentially Expressed Genes in
Xanthomonas oryzae pv. oryzae
The reference gene set of the Xoo isolate PXO99 annotation information was downloaded from NCBI (http:// www.ncbi.nlm.nih.gov/nuccore/NC_010717.1). Highquality pair-end Xoo reads of each sample were mapped onto the reference gene set using Bowtie (Langmead et al., 2009) . A Perl script was written to extract the gene expression profile from the mapping results.
General Chi-square tests were used to identify genes showing statistically significant differences in relative abundance (as reflected by the total counts of individual sequence reads) between the two samples using software IDEG6 based on a threshold of p £ 0.05 (Ye et al., 2006; Vencio et al., 2003; Romualdi et al., 2003) . InterPro domains of detected rice and Xoo genes were annotated using InterProScan release 27.0, and their functional assignments mapped onto gene ontology (GO) (Mulder et al., 2003; Harris et al., 2004) . Web Gene Ontology Annotation Plot was used to determine DEGs, GO classification, and to draw GO trees in each of the comparisons between the samples (Ye et al., 2006) .
Transcriptome Assembly, Gene Expression Profile Building and Differentially Expressed Gene Detection in Rice
The retained high-quality pair-end reads of rice from each sample were mapped to the reference rice genome of MSU RGAP using TopHat and assembled with Cufflinks to construct unique transcribed sequences using parameters -g, -b, -u, and -o (Ouyang et al., 2007; Trapnell et al., 2009 Trapnell et al., , 2010 . Cuffcompare was used to compare the assembled transfrags of each sample to the reference annotation and to build up a nonredundant transcript dataset among the samples ). Next, Cuffdiff was used to identify DEGs, and genes with P values £ 0.05 were marked as significantly different between each of two sample comparisons (Trapnell et al., 2010) . Gene ontology terms of rice DEGs were identified according to the methodology described by Du et al. (2010) . A Venn diagram was built by the online software VENNY (Oliveros, 2007 ; http://bioinfogp.cnb.csic.es/ tools/venny/index.html).
Confirmation of the Infection-Responsive Expression Profiles by Quantitative Real-Time Polymerase Chain Reaction
To validate the Illumina sequencing results, a subset of DEGs were verified by quantitative real-time polymerase chain reaction (qRT-PCR). An independent set of samples was collected at the same time points and used for the Illumina analysis. The sequence for each Xoo gene was obtained from the PXO99 database (http:// www.ncbi.nlm.nih.gov) and that of each rice gene from the MSU RGAP (http://rice.plantbiology.msu.edu/). Sequence from each gene was used to design primers using Primer 5.0 software (Supplemental Table S2 ). Three independent biological replications of each experiment were performed. Expression levels of 35 rice genes and 11 Xoo genes were tested in 20 mL reactions using the SYBR Green PCR Master Mix kit (Applied Biosystems) following the manufacturer's protocol via an ABI Prism 7900 Sequence Detection System (Applied Biosystems).
Results
Phenotypic Reactions of H471, HHZ, and P28 to the Infection of Xanthomonas oryzae pv. oryzae Isolate, PXO99
Two weeks after inoculation with 15 Xoo races at the tillering stage, the parents, HHZ and P28, were resistant or moderately resistant to six weak virulence Xoo races with average LLs ranging from 1.6 to 6.7 cm, but were susceptible or highly susceptible to nine virulent Xoo races with average LLs ³ 9.0 cm (Supplemental Table S1 ).
Interestingly, HHZ had significantly shorter LLs than P28 against eight of the 15 races. However, the IL H471 was highly resistant against all 15 Xoo races with average LLs < 0.5 cm. H471 displayed a typical HR with light brown edges along the clipped sites of leaves at 3 dpi and localized brown necrosis near the infection sites at 5 dpi. In contrast, leaves of HHZ and P28 exhibited the visible susceptible chlorotic symptom at 3 dpi and water-soaked lesions rapidly spread along the clipped sites at 4 dpi. Growth of PXO99 in H471 decreased by more than sixfold at 2 dpi, and by 16-fold at 3 dpi compared with HHZ and P28 (Fig. 1A) . Coincident with the growth curve result, some Xoo cells in leaf vascular bundle cells were observed in HHZ and P28 but not in H471 (Fig. 1B) . The LLs of H471 measured 2 wk after inoculation was 0.5 ± 0.2 cm (HR) while both HHZ and P28 were highly susceptible with average LLs of 14.4 ± 2.2 cm and to 15.6 ± 3.7 cm, respectively (Fig. 1C) . Based on the same criterion, the number of detected rice unigenes was 18,319; 18,356; 18,504; 18,768; 18,906; and 18,864 in the H471-1d, HHZ-1d, P28-1d, H471-3d, HHZ-3d, and P28-3d libraries, respectively (Table 1 ; Supplemental Table S3 ). The total number of expressed rice unigenes was 19, 580, including 19, 130 (97.7%) in H471; 19, 252 (98.3%) in HHZ; and 19, 243 (98.3%) in P28. A total of 19,083 rice unigenes detected at 1 dpi were overlapped with those detected at 3 dpi. Again, more rice genes were detected in the compatible interactions of HHZ or P28 than the incompatible interactions of H471, though this difference was comparatively smaller when compared with the expressed Xoo genes (Supplemental Fig. S2 ).
When RNA samples extracted from three additional replicate sets of 46 genes from rice and Xoo (Supplemental Table S4 ) were used as templates, results from the mRNA-seq experiments and those from the qRT-RCR experiments were highly consistent (R 2 = 0.872, p < 0.0001) (Supplemental Fig. S3 ).
Differentially Expressed Genes of Xanthomonas oryzae pv. oryzae and Rice between Incompatible and Compatible Interactions
Based on the criterion of p £ 0.05, 278 (152 upregulated and 126 downregulated) and 351 DEGs of Xoo were identified in H471-1d compared with HHZ-1d and P28-1d, respectively. Whereas, 25 (18 upregulated and seven downregulated) and 29 (18 upregulated and 11 downregulated) Xoo DEGs were detected in H471-3d compared with HHZ-3d and P28-3d (Supplemental Table S5 ). A common set of 141 genes were detected between the comparisons of H471-1d vs. HHZ-1d and H471-1d vs. P28-1d, and so were 21 common genes between the comparisons of H471-3d vs. HHZ-3d and H471-3d vs. P28-3d ( Fig. 2A) . Cluster analysis showed that Xoo DEGs in the compatible interactions of HHZ and P28 formed two subgroups associated with dpi, whereas those in the incompatible interaction of H471 at the two time points clustered into a separate subgroup ( Fig. 2B ; Supplemental Table S6 ). The Xoo DEGs in H471 at 1 dpi could be categorized into 24
Mapping of Messenger RNA Sequencing Reads and Detection of Highly Expressed Genes of Host and Pathogen in the Mixed Samples
Sequencing of the RNA libraries generated 34.1 to 38.2 million paired-end reads for the PXO99 infected samples of H471 and its parents (Table 1 ). All sequencing data is available at the GEO database (accession number GSE57670) (http://www.ncbi.nlm.nih.gov/geo/). After preprocessing, 64.2 and 67.8 million high-quality single-end reads were obtained from the PXO99-infected mixed samples of the incompatible interactions of H471 + PXO99 at 1 and 3 dpi, respectively. In the compatible interactions between PXO99 and HHZ or P28, 64.5, 59.9, 64.3, and 70.4 million high-quality single-end reads were obtained from HHZ + PXO99 at 1 dpi, HHZ + PXO99 at 3 dpi, P28 + PXO99 at 1 dpi, and P28 + PXO99 at 3 dpi, respectively. When mapped to the reference rice and Xoo genomes, ~93.9 to 98.7% of the preprocessed RNA-seq reads mapped only to the host rice genome, but only ~0.01 to 0.43% mapped to the bacterial genome. Together, 63.4, 63.5, 62.3, 65.9, 57.4, and 66 .0 million high quality reads from the H471-1d, HHZ-1d, P28-1d, H471-3d, HHZ-3d, and P28-3d libraries mapped only to the rice genome sequence, respectively (Table 1) .
There are 5083 predicted protein-coding genes in the of PXO99 genome (Salzberg et al., 2008) . With a criterion of five or more reads mapped to the coding sequence regions of any given gene, the total number of expressed PXO99 unigenes was 3969 (78.08%), including 2895 (56.95%) in H471, 3750 (73.78%) in HHZ, and 3840 (75.55%) in P28. This number was 1806 and 2729 in H471-1d and H471-3d, 1813 and 3841 in HHZ-1d and HHZ-3d, and 1393 and 3741 in P28-1d and P28-3d, respectively (Supplemental Table S2 ; Supplemental Fig.  S1A, B) . This result indicated that most Xoo genes were expressed at the early times of infection. The expressed Xoo genes formed two large groups according to days postinoculation, within each of which there were two subgroups with the compatible interactions in the parents forming one and the incompatible interaction in H471 forming the other (Supplemental Fig. S1C ). Table S6 . In the color panels, each horizontal line represents a single gene, and the color of the line indicates the expression level in log scale of that gene relative to the median in a specific sample: high expression level in red, low expression level in green. (C) The expression levels and patterns of four Xoo genes quantified by quantitative real-time polymerase chain reaction and RNA sequencing. Gene expression levels (in arbitrary units) were normalized using 16s ribosomal RNA as the internal reference. RPKM, reads per kilobase per million mapped reads. and 25 functional groups, and those at 3 dpi fell into 14 and 15 functional groups when compared with HHZ and P28, respectively (Supplemental Fig. S4 ).
Based on the criterion of p-value < 0.05, we identified 279 (170 upregulated and 109 downregulated) and 468 (245 upregulated and 223 downregulated) rice DEGs in H471-1d when compared with HHZ-1d and P28-1d, respectively. Similarly, we detected 298 (105 upregulated and 193 downregulated) and 864 (243 upregulated and 621 downregulated) rice DEGs in H471-3d when compared with HHZ-3d and P28-3d, respectively (Supplemental Table S7 ). A common set of 123 genes was detected between the comparisons of H471-1d vs. HHZ1d and H471-1d vs. P28-1d, and so were 163 common genes between the comparisons of H471-3d vs. HHZ-3d and H471-3d vs. P28-3d (Fig. 3A) .
Again, the cluster analysis delineated the infection responsive DEGs in the parents (the compatible interactions) into two time-dependent clusters, whereas the DEGs in H471 at 1 dpi and 3 dpi (the incompatible interactions) clustered into a separate subgroup in between ( Fig. 3B ; Supplemental Table S8 ). Gene ontology analyses of these DEGs revealed three enriched pathways that were common at 1 and 3 dpi between the incompatible and compatible interactions including apoptosis, response to stimulus and defense response, and protein amino acid phosphorylation (Supplemental Fig. S5A ). Gene ontology terms of DEGs differentiating the incompatible interaction and compatible ones at 1 dpi included two major categories: protein DNA complex and nucleosome assembly and the two-component signal transduction system (Supplemental Fig. S5B ). Four major pathways were enriched solely in the incompatible interactions when compared with the compatible ones at 3 dpi, including posttranslational protein modification and ubiquitination and cellular amino acid catabolic process (Supplemental Fig. S5C ). These results suggested the inferred sequential events leading to BSHR of H471 to the PXO99 infection were signal recognition and transduction ® protein modification ® programmed cell death. 2C ). All these genes, except for Hpa2, were upregulated in H471 when compared with its parents. Some of these genes are known to be involved in the Xoo systems that cause disease or trigger the rice defense mechanisms (Büttner et al., 2002; Li et al., 2011b) .
The second group included 23 genes involved in the two-component systems, which were differentially expressed between H471 and its parents at 1 dpi (Table 3) . These included a LuxR family transcriptional regulator (PXO_01515), a ferric uptake regulator (Fur) family transcriptional regulator (PXO_04819), an AraC family transcriptional regulator (PXO_02106), all which were upregulated in H471 compared with HHZ and P28 at 1 dpi.
These included four Xoo transcriptional regulators (a Fur family transcriptional regulator PXO 04819, a LuxR family transcriptional regulator PXO_01515, and two genes encoding thioredoxin (Trx), PXO_03441 and PXO_03717), which were significantly upregulated specifically in the incompatible interaction between H471 and PXO99 at 1 dpi. Fur and LuxR family regulators are known to be involved in quorum sensing (QS) and cell protection in the bacteria (Fuqua et al., 1994; Ng and Bassler, 2009; Sun et al., 2012) by acting as corepressors to control the expression of enzymes in reactive oxygen species (ROS) damage and repress siderophore synthesis in pathogens (Troxell and Hassan, 2013) .
The third group consisted of several transcriptional regulators of virulence proteins and virulence relevant factors. The Trx system plays critical roles in the bacterial immune response and cell death via interaction with thioredoxin-interacting proteins (Lu et al., 2013; Lu and Holmgren, 2014) . A gene encoding Trx (PXO_03441) was upregulated in H471 compared with both parents at 1 dpi, and another gene encoding Trx (PXO_03717) was upregulated in H471 compared with P28 at 1 and 3 dpi. In addition, two genes encoding glutathione peroxidases (PXO_00658 and PXO_03223), a gene encoding integration host factor subunit a (PXO_01389), DNA-binding protein Fis (PXO_02996), and TrpR-like protein YerC/ YecD (PXO_00831) were significantly upregulated in H471 at 1 dpi. Four additional Xoo genes, included two genes encoding TonB proteins (PXO_03476 and PXO_01522), a gene encoding TonB-dependent outer membrane receptor (PXO_01932), and a type IV pilus assembly protein (PXO_03150) were significantly downregulated in H471 compared with P28 (Supplemental Table S6 ). The former three genes are known to be involved in extracellular signal transduction and regulation of motility and reproductive capacity of the bacteria (Xu et al., 2010) , while the Type IV pili genes are the well-known bacterial virulence factors (Rajagopala et al., 2007) .
Rice Differentially Expressed Genes Involved in Signaling Perception and Transduction in the Incompatible and Compatible Interactions
Four groups of rice DEGs for signal perception and transduction were identified in the incompatible interaction of H471 when compared with the compatible interactions of either or both parents. The first group contained six genes encoding response regulators, including LOC_ Os09g36220, LOC_Os12g04500, and LOC_Os11g04720 (which were upregulated in H471 compared with HHZ and P28) and LOC_Os02g40510, LOC_Os03g17570, and LOC_Os07g49460, which were upregulated in H471 compared with HHZ (Supplemental Table S9 ).
The second group included 81 protein kinases of diverse regulatory functions that were differentially expressed between H471 and its parents at 1 dpi and 3 dpi (Supplemental Table S10 ). These protein kinases consisted of two major clusters with H471 and HHZ in a single cluster and the donor (P28) in the other (Supplemental Fig.  S6 ). Functionally, these included several types of receptorlike protein kinases (RLKs), which are known to play important roles in perceiving extracellular signals and triggering rapid resistance responses (Tena et al., 2011) . The first type included eight genes encoding cysteinerich receptor kinases (CRKs). Of these, a gene encoding cysteine-rich RLK 34 (LOC_Os11g11890) was upregulated in H471 vs. P28 at both time points. Two genes encoding CRK 10 (LOC_Os07g43560 and LOC_Os07g43570) were upregulated in H471 compared with HHZ and P28 at 3 dpi. The remaining five (LOC_Os10g04730, LOC_ Os07g35340, LOC_Os07g35380, LOC_Os05g03920, and LOC_Os11g28104) were downregulated in H471 compared with the parents (Supplemental Table S10 ). The second group included eighteen genes encoding lectin-like receptor kinases (LKRKs), leucine-rich repeat transmembrane protein kinases (LRRTPKs), and leucinerich repeat protein kinases (LRRPKs). Of these, one gene encoding LRRPK (LOC_Os11g36190) was expressed only in H471 at both time points. Another gene (LOC_ Os02g13510) of the same type plus two genes encoding LRRTPKs (LOC_Os08g10300 and LOC_Os09g19390) were upregulated in H471 vs. P28 at both time points. Two genes encoding LKRKs, LOC_Os06g10790 and LOC_Os02g19530, were downregulated in H471 compared with HHZ at 1 dpi, and with P28 at 3 dpi.
The third group included 15 genes for wall-associated kinases (WAKs), a novel subfamily of plant RLKs. Of these, three genes, OsWAK6, OsWAK61, and OsWAK117 (LOC_Os01g26210, LOC_Os06g05050, and LOC_Os11g35220) were upregulated in H471 compared with P28, while 12 other WAK genes were downregulated in H471 compared with its parents (Supplemental Table S10 ). The forth group included 10 genes encoding calcium/calmodulin-dependent protein kinases (CPKs). Of these, two genes, LOC_Os03g22050 and LOC_ Os05g26870, were upregulated in H471 when compared with HHZ at 1 dpi, while a calmodulin-binding receptorlike cytoplasmic kinase 3 (LOC_Os04g42480) and seven other CPKs were downregulated in H471 compared with P28 at 3 dpi (Supplemental Table S10 ). The fifth group consisted of five genes encoding mitogen-activated protein kinases (MAPKs), including MAPKKK16 (LOC_ Os01g50400, LOC_Os01g50410), MAPKKK17 (LOC_ Os01g50420), MAPK3 (LOC_Os03g17700), and MAPK9 (LOC_Os06g49430), which were all downregulated in Table 3 . Differentially expressed genes associated with the two-component systems of Xanthomonas oryzae pv. oryzae (Xoo) in H471 and its parents infected by the Xoo strain, PXO99. H471 compared with P28 at 3 dpi. In addition, 12 genes encoding protein phosphatases 2C (PP2C) were differentially expressed in H471 compared with its parent. These included LOC_Os02g55560 that was upregulated in H471 compared with HHZ at 1 dpi, while the others were downregulated in H471 compared with its parents (Supplemental Table S10 ).
Rice Differentially Expressed Genes Involved in Regulation and Resistance in the Incompatible and Compatible Interactions
Several important groups of rice genes involved in regulation and resistance were specifically upregulated only in the incompatible interaction of H471 compared with its parents. The first group included 16 genes that were upregulated in H471 at 1 dpi and encode histones for nucleosome assembly. Of these, 11 were upregulated in H471 compared with both parents, while the remainders were upregulated in H471 compared with HHZ (Supplemental Table S11 ). The second group included 66 transcription factors (TFs) that apparently played key roles in the large-scale transcriptional reprogramming of H471 in response to the PXO99 infection (Supplemental Table S11 ). Of these, five and 13 TFs were common and differently expressed in H471 when compared with both parents at 1 and 3 dpi (Supplemental Fig. S7A ). These TFs in H471 at 1 and 3 dpi were clustered into a single subgroup with its parents at 3 dpi, indicating that the transcription regulation was more rapid in H471 than in its susceptible parents (Supplemental Fig. S7B ). Of the 66 TFs, only four were upregulated in H471, including HSFB2C (LOC_ Os09g35790), a gene encoding ethylene-insensitive 3 (LOC_Os08g39830), HSFA2D (LOC_Os03g06630), and OsMADS40 (LOC_Os06g01890). The remaining 62 TFs downregulated in H471 belong to families of GRAS, AP2, bHLH, bZIP, ERF, NAC, MYB, and WRKY ( Fig. 4 ; Supplemental Table S11 ).
The third important group of rice DEGs consisted of six genes encoding pentatricopeptide repeat genes and three genes encoding tetratricopeptide repeat-like superfamily proteins that were significantly upregulated in H471 when compared with its parents (Supplemental Table S12 ). These genes are known to be targeted to organelles and are involved in many posttranscriptional processes (Barkan and Small, 2014) .
The final group of rice DEGs that were specifically expressed in the incompatible interaction included 42 rice disease R genes ( Fig. 5A ; Supplemental Table S13 ). Of these, only one gene (LOC_Os11g37759) encoding a CC-NBS-LRR protein was expressed in H471, only, but not in both parents at both time points. Twenty others were upregulated in H471, including 13 R genes belonging to the NB-ARC domain containing protein family and three (LOC_ Os04g53160, LOC_Os11g11810, and LOC_Os11g43320) to the NBS-LRR disease-resistance protein family (Table 4) . Clustering analysis placed these R proteins into four major groups (Fig. 5B) . Of these, group II appeared to be the most important one, as it contains 12 R genes that were highly upregulated in H471 but highly downregulated in P28, some of which were also highly expressed in HHZ at 3 dpi. In addition, OsBBI1 (LOC_Os06g03580) was upregulated in H471, which encodes a RING finger protein with E3 ligase activity and mediates broad-spectrum resistance to Magnaporthe oryzae (Li et al., 2011a) .
The Coregulatory Network Differentially Modulated in Response to PXO99 in H471
Using data from all 1080 publicly available Affymetrix microarray rice experiments on biotic stresses (NCBI GEO AC: GPL2025) in the Rice Oligonucleotide Array Database (Cao et al., 2012) , 27 genes in four groups of distinct functions, which were either specifically expressed or upregulated in H471 compared with its parents, constructed a coregulation network that was most likely involved in rice signaling responses leading to BSHR ( Fig. 6 ; Supplemental Table S14 ). Group A of the network included nine genes (four induced and five downregulated) for receptor kinases and response-regulating protein kinases involved in stress signal perception and transduction. Group B has eight genes encoding TFs and histone proteins involved in the transcriptional regulations. Group C has three genes in a single coexpression group, whose expressions were correlated strongly with one or more genes in three other groups, suggesting their key regulatory roles in coregulating multiple protein kinases and TFs. Group D genes encode resistance proteins, six of which were specifically induced in H471 with LOC_Os11g11770, LOC_Os11g11810, and LOC_Os11g11960 forming a single coexpression subgroup, LOC_Os11g37759 and LOC_Os12g33160 forming another coexpression subgroup, and LOC_Os05g3022 as a single-gene one. Of these, only one R gene, LOC_ Os11g37759, locates in the mapped Xa39 position on rice chromosome 11 .
Discussion
Although previous efforts in characterizing the interactions between individual R genes and their corresponding avirulence genes in the rice-Xoo system (Liu et al., 2014; Gu et al., 2009; Tian et al., 2014; Wang et al., 2014) seem to support the well-known gene-for-gene theory (Flor, 1942) , any specific cases of the interactions between rice and Xoo, whether compatible or incompatible, involve genome-wide interactions between large numbers of rice genes and Xoo genes. In this study, an average, 63.1 million 76 bp reads were generated and the expression of average 23,793 annotated rice genes was detected per rice sample. On average, 2652 reads were detected per identified rice annotated transcript, providing coverage of 93.5-fold of the annotated rice transcriptome. Similarly, an average, 94,521 reads were generated and the expression of average 2509 annotated Xoo loci were detected per sample, giving an average 37.7 reads per identified Xoo transcript, or >30-fold the annotated Xoo transcriptome. The quality of the experiments was also reflected by a very small portion (<1 −5 ) of total reads mapped to both rice and Xoo. Thus, the resulting detection of nearly 80% of the Xoo unigenes and ~51% of the rice unigenes should cover most, if not all, Xoo and rice genes involved. Detailed examination of the data and the large numbers of rice and Xoo DEGs identified in the comparisons between the incompatible interactions of H471 and compatible ones of its parents revealed several interesting aspects of the interacting transcriptomes between rice and Xoo.
First, we noted that the maximum variation in the Xoo transcriptome was in the direction of timing reflected by both the number and expression level of expressed genes. While significant portions of the Xoo genes were expressed in all rice samples at both time points, the average number and expression level of the Xoo genes detected at 3 dpi were approximately 2.5-and 6.5-fold as much as those at 1 dpi. Furthermore, the transcriptomic differences between the compatible and incompatible interactions in Xoo were reflected primarily at 3 dpi when 34% more Xoo genes were expressed in the compatible interactions than the incompatible one. This was expected since the pathogen was able to overcome Table S13 . Colored bars on the left of the heatmap mark significant differences between H471 and its parents, in which magenta and cyan indicate upregulated and downregulated genes in H471 when compared with Huang-hua-zhan (HHZ); orange and green indicate upregulated and downregulated genes in H471 when compared with PSBRC28 (P28); red and blue indicates upregulated and downregulated genes in H471 when compared with HHZ and P28; and black indicates genes with the opposite expression trend in H471 when compared with HHZ and P28.
23 genes involved in the two-components system of Xoo behaved very differently between the parents (Table 3) and so did for many rice protein kinases and diseaseresistance genes, transcriptional factors, TPK, and PPK genes (Supplemental Fig. S6, S7 ; Supplemental Tables S10-S13). This suggests that the parents have different R genes against the same weakly virulent Xoo races, and some of the identified DEGs between the parents may be responsible for the quantitative differences in their resistance to different Xoo races (Supplemental Table S1 ). Efforts are being taken to confirm this prediction and to identify additional R genes segregating in the parents.
Third, in the comparisons between the compatible and incompatible interactions, we found that in the incompatible interaction many more Xoo genes were exclusively expressed or upregulated at 1 dpi than downregulated ones, though this became less pronounced at 3 dpi. However, more rice genes were upregulated than the downregulated ones at 1 dpi, and the opposite was true at 3 dpi. This suggested that the recognition event between Xa39 and avrXa39 leading to BSHR of H471 most likely occurred at the early time point before 1 dpi. When we looked into all possible 35 rice DEGs differentiating the compatible and incompatible interactions at 1 dpi (Supplemental Fig. S8 ), four of which locate on rice chromosome 11, and only two genes encoding CC-NBS-LRR disease-resistance proteins (LOC_Os11g37740 and LOC_Os11g37759) locate in the 97.4-kb region of Xa39 the host defense systems and reproduce themselves normally by using the host machinery in the compatible interactions. A similar pattern was observed in the rice transcriptome, though the differences between the two time points were smaller.
Second, we noted that the phenotypic reactions of the parents to the 15 Xoo races were similar and differ quantitatively (Supplemental Table S1 ). In particular, the parental resistances to the avirulent Xoo races were typical PAMP-triggered PTI responses. In contrast, the Xa39 mediated BSHR in H471 exhibited the typical HR against all 15 Xoo races characterized by rapid and localized cell deaths along infected sites and resembled phenotypically typical ETI responses in plants (Dodds and Rathjen, 2010; Spoel and Dong, 2012) . We also found that rice genes involved in PTI, including representative PRRs, genes for oxidative burst, and those downstream genes related to cell death due to ion fluxes and ROS (Supplemental Table S15 ), were not differentially expressed between the incompatible and compatible interactions nor for those Xoo genes involved in PAMP-triggered PTI responses (Supplemental Table S16 ). All evidence indicated that the Xa39 mediated BSHR of H471 does not belong to PTI. Interestingly, the interacting transcriptomes in the compatible interactions between the parents differed considerably. These differences were reflected by many rice and Xoo DEGs detected between HHZ and P28 (Supplemental Fig. S1, S2 ). For example, 16 of the Zhang et al., 2014) . LOC_Os11g37759 was the only one that expressed strongly in the incompatible interaction of H471 but not detectable in the compatible ones of its parents, suggesting that LOC_Os11g37759 was the most likely candidate for Xa39. If so, it remains a mystery how Xa39 was generated, as neither of the parents has the resistant allele at this locus and why it was only expressed in H471 but not in the parents. Efforts are being taken to clone and characterize Xa39. Finally, we noted 52 Xoo genes that were expressed (type I in Supplemental Fig. S8A ) only in the incompatible interactions between H471 and PXO99, which are potential candidates for avrXa39 in Xoo. These included four Xoo transcriptional regulators (a ferric uptake regulating family transcriptional regulator PXO_04819, a LuxR family transcriptional regulator PXO_01515, and two Trx genes, PXO_03441 and PXO_03717), which were upregulated specifically in the incompatible interactions between H471 and PXO99 at 1 dpi and 3 dpi. Fur and LuxR family regulators are known to be involved in QS and cell protection in the bacteria (Fuqua et al., 1994; Ng and Bassler, 2009; Sun et al., 2012) by acting as corepressors to control the expression of enzymes in ROS damage and repress siderophore synthesis in pathogens (Troxell and Hassan, 2013) . The Trx system, consisting of NADPH, Trx, and thioredoxin reductase (TrxR), plays critical roles in the bacterial immune response and cell death via interaction with thioredoxin-interacting proteins (Lu et al., 2013; Lu and Holmgren, 2014) . We believe that none of these genes was avrXa39 because the QS process in bacteria controlled by these genes is the early responsive consequences of Xoo to, instead of the earliest cause of, the already-triggered host HRs in the incompatible interactions, even though this system was not detected in the compatible ones.
A second group of Xoo genes that were sequentially upregulated in the incompatible interaction at 1 and 3 dpi included several genes associated with T3SS and T3SEs in Xoo. PXO99 has 19 TAL effectors and 16 Xop effectors (Salzberg et al., 2008) . Three of these TAL effectors (talC2A, talC3b, and PthXo1) and two of these Xop effectors (XopN and XopX) were specifically upregulated in the incompatible interactions of H471. PthXo1 is a virulence TAL effector that targets the susceptible host gene Os8N3 (LOC_Os08g42350) (Boch et al., 2009; Römer et al., 2010; Yang et al., 2006) . PthXo1 was upregulated in H471 compared with P28 at 3 dpi, while Os8N3 was significantly downregulated in P28. PthXo1 was unlikely avrXa39 because elevated expression of Os8N3 was strictly correlated with the presence of PthXo1 in the pathogen (Yang et al., 2006) . To determine if the two remaining TAL effectors, talC2A and talC3b, are possible candidates for avrXa39, we screened the Nipponbare reference rice genome for their possible target host genes using the methods described by Grau et al. (2013) . Unfortunately, we did not find any rice genes with specific promoter DNA sequences that can be recognized by the two TAL effectors. This observation, plus the delayed expressions of talC2A and talC3b at 3 dpi, suggests the two TAL effectors were less likely to be avrXa39 because one would expect that the interaction between Xa39 and avrXa39 leading to BSHR should have been detected at 1 dpi instead of at 3 dpi. Then, the two remaining Xoo genes, XopN and XopX, are known to be involved in T3SS of Xoo (Galan and Wolf-Watz, 2006) . Although there is no reported case on any Xop effector triggered R gene expression in rice, major Xoo Xop effectors, such as XopN, XopQ, XopX, and XopZ, are known to be able to suppress rice PTI (Sinha et al., 2013) . Another piece of indirect evidence came from a recent study in Arabidopsis in which an R gene of the CC-NB-LRR type, ZAR1, is required for the recognition of T3SE HopZ1 in its pathogen Pseudomonas syingae to trigger immunity in Arabidopsis (Lewis et al., 2010) . Nevertheless, we realize that the real candidate Xoo genes for avrXa39 may have been missed in our RNA-seq experiments because of the small number of the Xoo genes detectable in the incompatible interactions, and direct evidence is needed to determine if and which of XopN and XopX is avrXa39, and, if so, how avrXa39 interacts with Xa39 to mediate BSHR in H471.
